Dr. A. S. McFarlane: One of the newer tools of physics about which much has been written in recent years is the cyclotron, a huge machine which whirls charged atoms around at ever-increasing speeds, and permits the physicist finally to hurl them at a target of his own choosing. If, as often happens, the whirling ion is that of deuterium, which has twice the mass of hydrogen, and the target is the metal beryllium, a radiation is given off by the beryllium which, like X-radiation, passes readily through the metal window of the cyclotron and has a powerful effect on a gold-leaf electroscope or on a photographic plate. Unlike X-radiation, however, it passes more readily through a sheet of lead than through a tank of water or a block of paraffin. This paradox-that more of the radiation gets through the denser medium-was resolved with many others by Sir James Chadwick when he showed that the beryllium radiates in fact a stream of uncharged particles each of virtually the same weight as a hydrogen atom and to which he gave the name neutrons.
If a piece of silver is held up to the stream of neutrons and is then taken into another room and brought near to an electroscope it will affect it much as did the original neutrons; it has in fact become radioactive. If the silver had been exposed instead to an X-ray beam it would have shown no radioactivity subsequently. The radioactivity of the silver does not remain constant but diminishes by half every two to three minutes so that after four to six minutes it is a quarter of the original value and after six to nine minutes one-eighth and so on. One might infer that the silver had stored up some neutrons and is giving them off again in its own time. However, the silver has little or no effect on the electroscope if a thin plate of metal is placed between the two, so clearly it is not giving off neutrons. It is not difficult to show that it is giving off electrons, the same light, negatively charged particles as are given off by radium. What has occurred is that each atom of silver, with a weight of 107 times the hydrogen atom, has captured one neutron so that its weight has increased to 108. Its chemical properties, however, are unchanged since these depend solely on the charge which of course is not affected by the acquisition of an uncharged particle. However, silver 108 is unstable and breaks down by giving off an electron of negligible weight. It therefore leaves behind cadmium 108 which has one positive charge more than silver. This is one example of a transmutation which takes place spontaneously as a result of our producing an unstable element.
It is, however, often quite easy to effect the transmutation directly by the action of neutrons. For example, if nitrogen in the form of an ammonium salt is exposed to the neutron beam it is converted into a radioactive form of carbon. It is an idiosyncrasy of the nitrogen atom, and of several others, that when it captures a neutron it does not feel at all happy and decides to throw out a hydrogen ion in exchange. The net result of this is to leave the atomic weight unchanged at 14, but a positive charge, which has been carried away by the hydrogen ion, is lost. Carbon 14 happens to have a half-life of 4,700 years-longer even than radiumand for this reason until recent years a visitor would observe around most cyclotrons, whatever they were being used for, a stack of bottles of ammonium nitrate set to catch stray neutrons. These would be left for months on end until a chemist came along and proceeded to extract a minute amount of carbon from all this salt, not demonstrably more than could be accounted for by the carbon impurity in the best grades of ammonium nitrate, but with radioactive properties.
To make the measurement of radioactivity more precise a device called a Geiger-Muller counter was developed and improved to such a degree that it will record the arrival of a single electron on a Post Office counter. There are some 1024 Section of Experitnental Medicine and Therapeutics atoms of silver in half a crown and when only one of these decides to change to cadmium the physicist can record the event with all the precision of a telephone call. The first samples of radioactive silver and carbon and other elements to be obtained were found to give out some hundreds of electrons per minute, corresponding to hundreds of atomic disintegrations per minute. However, bigger and better cyclotrons came along, followed by the uranium pile, which generates neutrons in fantastic quantities, and so the activities increased steadily until to-day samples of carbon are coming from the pile in one milligram of which one hundred million atoms of carbon disintegrate every minute. From a recent determination of the decay rate of carbon 14 by Reid and Dunning (1946) it is a simple matter to calculate that in one milligram of pure C14 rather more than ten thousand million atoms should disintegrate per minute, so that in these pile samples of carbon one part by weight in every hundred is the pure artificial element of atomic weight 14.
There is no doubt that with further experience 'samples of 5% and even 10% purity will be available. But it is a relatively costly process and the present American price for 1 milligram of carbon containing about 10 micrograms of pure C14 is £100, which makes radium look comparatively cheap.
With some difficulty and the loss of at least half this valuable carbon an able chemist can prepare from it most of the metabolic substances in which we are interested containing a C14 atom in 1 % of their molecules. Although an initial mg. of carbon gives off 108 electrons per minute in all directions it is only possible to collect a portion of these into the counter. In addition, since the electrons from carbon have very little energy some are absorbed by the counter window and altogether not much more than 10% of the electrons can be registered. Therefore, the count of the carbon in the substance prior to administration is found in practice to be reduced to about 5 x 106 per minute.
It is now known, largely as a result of isotope studies, that the body seldom makes use of exclusive metabolic pathways such as that by which iodine is built up only into the thyroid gland. Instead, most metabolic substances are attacked in a variety of highly specific ways affecting particular parts of the molecule. Amino groups are removed, carboxyl groups are oxidized and methyl groups are transferred from one substance to another, to give a few examples, and all at different rates. A group containing radio-carbon affected by one of these processes becomes mixed with the same group from molecules of other substances similarly affected, and the net result is that the specific radioactivity of the carbon in this group is reduced. If there are not many sources of the particular group the reduction will be small. In the worst case in which the carbon administered is in a hydrocarbon main chain it will be diluted with most of the carbon in the body. For an adult human being this means diluting our radio-carbon with roughly 5 kilos of tissue carbon, and if a 5 milligram sample of this is presented to the counter the C14 will show its presence by giving rise to 5 counts per minute, which is just about the lowest counting rate which is significant. If more than 5 milligrams of tissue carbon can be presented to the counter the accuracy will be proportionately greater. With laboratory animals a milligram of radio-carbon will clearly suffice for numerous experiments of this type. With humans the difficulty at present is that the safe dose of radio-carbon is not known with certainty, largely because of lack of knowledge of how long it persists in the tissues. As much as half a milligram of pure C14, distributed uniformly throughout the body, may be permissible however.
If a sodium salt is placed in the neutron beam for a very short time and then presented to a counter it will give as many counts per minute as do the best samples of carbon. These counts come from sodium24 which has a half-life of only fourteen hours. The weight of pure Na42 present is immeasurable and yet we have an isotope preparation which will dilute as much as will 10 micrograms of pure Cal and still be detectable, because it disintegrates so quickly. Instead of costing £100 it is listed in America at a few shillings. It is detectable in a different way from C14 because in addition to electrons it emits (like radium) X-rays of the penetrating variety called a -rays. It is possible, therefore, to measure the activity of Na24 with a sheet of metal in front of the counter or-of greater biological importance-with several centimetres of tissue between the source and the counter. Three minutes after drinking some radioactive sodium chloride it is sufficient to hold a hand in front of the counter and watch the rapid absorption into the blood-stream. This element when it becomes readily available should be of the greatest interest for measurements of the extra-cellular space and of electrolyte excretion.
Another -emitter is iodine'3' of 8-days' half-life and costing three or four times as much as sodium. It can be detected in the thyroid by tucking the counter tube under the chin. This property is not possessed exclusively by 'Yiemitters. Some energetic electron emitters, e.g. radio-phosphorus, can be used for the same purpose, and Low-Beer (1946) claims to be able to detect local concentrations of radio-phosphorus in a breast carcinoma by superficial exploration with the counter.
In general, however, the directional sense of the counters is poor on the one hand, and on the other the body seldom localizes elements with the degree of specificity which it shows towards iodine, phosphorus and calcium. A form of histochemistry is practised with the latter elements by placing a tissue section on a photographic plate, the radio-element revealing its position by causing a blackening of the plate.
Other radio-elements of potential or actual biological application are sulphurZ5 (half-life 88 days), chlorine36 (greater than 1,000 years), potassium42 (12 hours), calcium45 (180 days), iron55 (4 years) or 59 (47 days), arsenic76 (for use in toxicology and chemotherapeutics-26 hours), bromine80 (4j hours), strontium85 (65 days), mercury'97 (25 hours) or 203 (54 days), bismuth210 (5 days) and some very interesting inert gases for respiratory studies, e.g. argon4' (110 minutes) and xenon'27 (34 days).
I would like to conclude with a brief reference to some important biochemical discoveries made with the use of isotopes. Twenty minutes after injecting subcutaneously a solution of sodium phosphate containing radioactive phosphorus the activity of the element in the plasma reaches a peak value and thereafter falls away very rapidly as the phosphate is taken up by the tissues. By giving diminishing quantities in spread injections it is possible to maintain an approximately constant level of radioactivity per milligram inorganic phosphorus in the plasma. During this period bone and other tissues, which take their phosphorus in inorganic form directly from the plasma, will receive phosphorus of constant specific activity and if the experiment goes on long enough the whole of the bone phosphorus will ultimately have this specific activity. For example rabbit epiphyseal bone phosphorus after seven weeks has an activity 30% of the plasma phosphorus showing that 30%/ of the bone phosphorus has been renewed in that time. By contrast one-quarter of the phospholipid in the liver is renewed in twelve hours (Hevesy and Hahn, 1940 ).
If we wish to know what proportion of the phosphorus in the faces has been absorbed in the upper intestine and re-excreted in the lower it is only necessary to compare the specific radioactivity of frcal phosphorus with that of the plasma or even the urine. The activity in the plasma is an equilibrium value determined by the rate at which inactive phosphorus arrives from the gut and radioactive from the injections. Phosphorus returned to the bowel comes from the plasma and must have the same specific activity before dilution with unabsorbed inactive phosphorus. The method is of course equally applicable to other dietary constituents.
This kind of work throws an altogether new light on the sites of formation in the body of many substances and on the speeds at which they are formed and broken down again. It reveals that the body is a complicated chemical factory, between constituent parts of which an incessant exchange of materials is taking place. This activity could not be suspected from the relatively desultory exchanges of food and excretory products with the environment. Only by the use of elements chemically identical with the body elements, yet distinguishable physically, has it been possible to bring this to light. what radioactive isotopes are, how they are produced and estimated, and what inferences may be drawn from their use in metabolic investigations. I wish now to discuss the types of problem to which they have been applied successfully. They have been used over a very wide field of work which has increased rapidly during the war, both in the United States and at Copenhagen and Stockholm. This work has hitherto concerned physiology rather more than medicine, and the illustrations which I will give are drawn commonly from this field. They show, however, how powerful and versatile is this technique of investigation, and how widely and readily it is applicable to clinical problems. I will also discuss briefly the therapeutic uses of these isotopes, although they are not strictly covered by our title, on account of the potential scope and interest of this field of experimental medicine.
We may consider first the simplest case, in which the fate of an administered chemical element is followed throughout its subsequent molecular combinations in the course of normal intermediary metabolism. It has been found, for example, that not only plants, but also animal tissues' can utilize carbon dioxide in the formation of carbohydrate. For, 'if carbon dioxide is administered to an animal in which the carbon atom is radioactive, it is subsequently found that samples of glycogen from the body contain this radioactive carbon, and the path of its synthesis has been studied in this way through an initial condensation with pyruvic acid to oxalacetic acid and on to carbohydrate. The same form of examination can be carried a step further by analysing the rate at which certain metabolic products are formed. For example, when radioactive iodine is added to thyroid tissue slices, the labelled iodine rapidly passes into combination as diiodotyrosine, and at the end of three hours is already present to the extent of 12% as thyroxine (Morton and Chaikoff, 1943) . Similarly, iron administered by mouth has been detected in formed haemoglobin -in five hours (Pommerenke and others, 1942) .
It is particularly valuable to be able to study the rates of reaction or formation of compounds, the concentration of which is ordinarily maintained in a state of stable equilibrium in the body. It has hitherto been difficult to know whether, for example, a low iodine concentration in the thyroid was due to rapid output of thyroxine from the gland, or to an opposite condition in which iodine was only concentrated and released slowly by this tissue. If, however, a radioactive form of iodine is given by mouth, the rate at which this particular material enters the gland can be directly determined; or when administration is discontinued, the rate with which it leaves the gland can be found (Keating and others, 1945) . By this method, which appears to be of wide and general application, the dynamics of a balanced reaction within the body can be directly studied. It will be noticed that this can be done while giving only a small or normal intake of iodine during the course of the investigation. This is in contrast with the only method available hitherto, in which the level of the equilibrium needed to be measurably disturbed by giving a large dose of normal iodine which in itself upset the metabolism of the gland that it was designed to investigate. It has been found in a similar way that iron absorption from the gut is considerably increased, not by anemia itself, but by depletion of the iron stores within the body. Thus in anmmia of acute onset the efficiency of iron absorption is not increased until about a week after the initial hamorrhage (Hahn and others, 1943) .
So far, we have discussed the use of tracer materials to study the course of chemical reactions and their progress in time. It is also possible by similar methods to study the rate of diffusion of materials throughout the body in just the same way as the ornithologist, who catches and rings a collection of swallows in Kent, can study the rate and route of their migration by the appearance of such "labelled" birds in different places and at different times subsequently. It is, of course, essential that the ring on the bird's leg shall not alter its powers of flight, and in exactly the same way it is essential that the radioactivity of the tracer material shall not in itself alter its metabolism or that of the tissue studied. In this way, the rates of diffusion of sodium and other materials into the cerebrospinal fluid or the aqueous humour of the eye or from the intestinal tract have been investigated, and the method is clearly applicable to a wide range of drugs or toxic materials of clinical interest. The transfer of iron to the bile in haemolysis, or from the maternal blood-stream to the fcetus (Pommerenke and others, 1942) , has beer similarly investigated and studies have been made on the rate of absorption of substituted insulin molecules from the skin when given in different forms designed to delay absorption (Reiner and others, 1943) .
It is a simple matter by these means to investigate the extent within the body through which various compounds or structures are free to diffuse. For example, the blood volume has been estimated by giving a known amount of red cells labelled with either radioactive iron or phosphorus and, after allowing time for mixing, determining the concentration of such red cells in the sample removed, and therefore the volume within the body throughout which the total amount of cells given has been distributed. It is clearly a necessity of such an investigation that the labelling element, which is here used to mark the red cell, must remain permanently attached to that cell during the course of the experiment. This assumption appears to be sound for studies of blood volume. When, however, the length of survival of administered red cells was explored in this way, it was soon found that the iron from cells as they became destroyed was rapidly and fully utilized, after a lag of only a day or two, in the formation of new red cells within the recipient. It is therefore possible by this method to study only the initial stages of blood destruction since thereafter some of the radioactive iron is now attached to and labelling newly formed red cells. This type of criticism requires consideration in all investigations where an isotope is used to label a molecule or tissue structure. Similarly, studies have been made on the space through which plasma proteins diffuse, by labelling these compounds in various ways. It is then found that a test dose of plasma proteins after administration rapidly becomes diffused through a space greater than the plasma volume itself by about fourfold (Fink and others, 1944) . The distribution of sodium and other ions throughout the body has been similarly studied, and the absorption of inert gases in body tissues was closely investigated during the war. The last method has a possible application of considerable importance. If radioactive krypton is breathed in air of constant composition, the blood rapidly attains a constant content of radioactivity. If now the hand is placed under a Geiger counter, the radioactivity measurable within the hand as a whole is at first a measure of the amount of blood within the hand and only later of the amount of krypton which has diffused from the blood into the tissues. During the early stage, therefore, the total estimated activity within the 0/1 4ou 358 hand is an index of its blood content, and the initial rate of increase of such activity gives an index of blood flow. It seems likely that this method may be of application in measuring the blood flow of a variety of tissues.
It will be noticed that we have been discussing a case in which the concentration of a radioactive isotope is measurable without withdrawing a sample from the body, and it is a particularly valuable feature of certain isotopes that their emissions are sufficiently powerful to be detected through the normal skin. This has been used in many ways, for example to determine circulation times between certain points, and in measuring the rate with which normal and pathological thyroids concentrate iodine.
A somewhat similar technique allows the distribution of certain elements within the tissues to be accurately studied by tissue slices or in histological sections. Since the emissions of many of these isotopes cause exposure of an X-ray film, if a film is placed in contact with a section or the tissue slice and is subsequently developed, the areas of blackening correspond to the areas in which the isotope is present or is concentrated. The distribution of administered calcium within rachitic bone has been explored in this way and the correspondence in thyroid tissue between the location of iodine and acinar cells can be similarly investigated. This method is well illustrated in Hamilton's review of the use of radioactive isotopes (1942) .
Finally, the effect of these emissions can be used therapeutically in two ways. First, the easy production of large quantities of radioactive isotopes which is promised by the modern pile will allow cheap substitutes for radium to be produced in large quantities. It will be simple within a few years to obtain, for example, a radioactive cobalt with y radiation rather harder than that of radium, and with 8 radiation rather more easily filtered. It would also be possible, owing to the hundreds of radioactive isotopes which exist, to select particular ones cf emission and half-period suitable for particular problems.
Secondly, however, and of even greater interest, it will be possible in certain cases to use radioactive elements in producing selective irradiation of particular pathological tissues, while giving a greatly lower dosage of radiation to the body as a whole. Thus, if an element such as iodine is concentrated in the thyroid to a degree a hundred times greater than in the rest of the body, and if a radioactive iodine is given, of which most of the radiations penetrate only a short distance, a dosage within thyroid tissue can be obtained a hundred times greater than that in the rest of the body. In this way, a malignant thyroid carcinoma with metastases has been given a sufficient dose to cause its regression and possible cure (Seidlin, Marinelli and Oshry, 1946) . This dose given to the whole body would cause death through radiation sickness. Iodine has been used in this way to produce controlled atrophy of most of the over-acting gland in thyrotoxicosis. Use has also been made of the fact that phosphorus is concentrated three times as highly in certain malignant tissues as it is in the body generally. Cases of leukemia, multiple myeloma, and lymphosarcoma have been treated in this way, but without appreciably greater success than is obtainable with X-rays. Such opportunities for therapy may, however, develop with increasing knowledge of the concentration ratios in certain tissues and tumours of rare or hitherto unimportant metals or elements, or by the use of special devices such as the administration of radiobrominated dyes or insoluble chromic phosphate particles which are concentrated within the reticulo-endothelial system.
The whole study of concentration ratios of the lesser-known elements is likely to prove of great importance not only in therapy but in the safety of investigational methods. It is simple to calculate a dose of radioactive isotope which can safely be given to man without causing appreciably more ionizations within the body than are already caused by cosmic radiation each day, provided that it can be assumed that thismaterial will not be selectively concentrated in some vital region. If, however, any such concentration occurs, a toxic level may be reached locally, although the average for the body as a whole is entirely harmless. While such an event appears unlikely in many instances, and has not been recognized in the many investigations made on man in the States and in Scandinavia, it is an important possibility to be excluded, particularly when a new element is being used. It should also be remembered that the effects of radiation on genes and chromosomes occur without threshold, and in proportion to the ionizations received, so that it is not possible to speak of a dose which is without biological effect, but merely of one in which this effect is comparable with those ordinarily received in daily life. With this proviso, and assuming that the radioactivity of the isotope given does not alter the metabolism of the tissues studied, it will be clear that the use of radioactive isotopes offers a very wide field in investigating biological and clinical phenomena.
does one obtain them?
Dr. McFarlane: The Medical Research Council has set up an advisory subcommittee in connexion with this matter and requests from any source in this country for tracers for biological and medical purposes should be made to the Secretary of the Tracer Element Sub-Committee at the National Institute for Medical Research, Hampstead.
At the moment numerous people are waiting to receive radio-elements-mainly phosphorus, iodine, iron, and sodium-but only phosphorus is available. This comes in small consignments monthly from the U.S.A. and has so far proved adequate to the needs of eight to ten research projects. Because of the much larger amounts used in therapy, no radio-elements have so far been available for this purpose. It is hoped in one to twD months' time to be able to obtain Steady cyclotron supplies in this country and later larger quantities of most radio-elements are expected to be available.
Professor H. P. Himsworth: What arrangements have been made for the analysis of biological material after giving stable and radioactive isotopes?
Dr. McFarlane: The Medical Research Council has been allocated 50 Geiger counting outfits of recent design by the Atomic Energy Research Establishment at Harwell. Some of these have been delivered and all but a few are already allocated -to laboratories widely scattered throughout the country. Several firms are also offering counting outfits for sale. Stable tracer elements are also available, but their assay with the mass spectrometer is a much more formidable proposition. Several of these instruments are under construction in this country, although only two or three with biological estimations in view. One will soon be completed at the National Institute for Medical Research.
